Abstract Although it is generally recognized that immunity is costly, not much is known about how these costs are distributed among different compartments of the immune system. Using lines of Drosophila melanogaster that differed in their antibacterial innate immune response due to differences in the functional transcription factor Relish, we set out to investigate the condition-dependent effects of immunological maintenance on mating success. We found that when the flies were raised under poor nutritional conditions as larvae, and provided that among wild-type flies being large was costly in terms of reduced mating success, immunodeficient mutant flies that have to invest less in the maintenance of the Imd signalling pathway achieved a higher mating success compared with wild-type flies. The results indicate a tradeoff between immunological maintenance and traits associated with male mating success, and highlight the importance of early-life environment in determining adult performance.
Introduction
Male courtship traits have been suggested to convey information about male quality [46] . In order for the traits to be honest signals of quality, they need to be costly and condition dependent, such that only individuals in good condition can spend resources on them [20] . According to the parasite-mediated sexual selection theory, one aspect of condition being communicated via male secondary sexual characters is the ability to withstand infections [13] . In terms of resource investment, disease resistance is a costly function. Costs involved in maintaining the immune system are related to investments made into the infrastructure of the system and keeping the system at a given level of readiness in the absence of infection. Costs of deployment arise from a response to an immunological challenge [37, 39, 40] . To come up with these costs organisms are theoretically forced to trade-off immune function with other fitness-related traits [5, 9, 10, 19, 26, 29, 42, 43, 45] . The literature covering costs of immune activation is vast and demonstrates, among other things, costs for secondary sexual signaling [7, 16, 17, 33] . Resource availability can, however, play an important role in determining the strength and direction of trade-offs between immunity and other fitness-related traits. When resources are not limiting, organisms can compensate extra demands by increasing the intake of resources, and consequently, costs of immunity are often detected first when conditions deteriorate [15, 26, 29, 38] . The impact of early-life nutritional deficiencies in determining life-history variation in organisms is also well documented [3, 27, 28, 41] . Laboratory experiments on Drosophila melanogaster in which the yeast concentration (protein availability) of the larval growth media has been manipulated have demonstrated the effect of poor early nutrition on several morphological and postcopulatory traits [2, 6, 24] , stress resistance [3] , and immune gene expression [8] .
Insects rely on innate immunity for defense against infection. Innate immunity is divided into cellular and humoral immune defense of which the humoral part is characterized by the production of antimicrobial peptides (AMPs) [21, 35] . In Drosophila two signaling pathways, Toll and Imd, regulate the production of these AMPs [22] . Both signaling cascades lead to nuclear localization of an NF-κB family transcription factor Dif/Dorsal or Relish, respectively, consequently leading to an expression of AMP genes and to the production of AMPs [21, 35] . Immune response to Gram-negative bacteria is primarily mediated via the Imd pathway, whereas the Toll pathway reacts to fungi and Gram-positive bacteria [21, 35] . A series of deletions in the Relish gene have revealed profound effects on the induction of an entire set of antimicrobial genes [14] . Relish mutant flies do not produce AMPs in response to Gram-negative bacteria and resistance against fungi is also lowered whereas cellular immune reactions are unaffected [14] . Despite the importance of the immune system in promoting pathogen resistance, inappropriate activation of NF-κB and expression of its targets can, however, have adverse biological effects. For example, in D. melanogaster constitutive up-regulation of the immune response and enhanced pathogen resistance have been achieved by overexpressing the putative pathogen receptor molecule PGRP-LE in the fat body [23] . Whereas primary components of fitness are unaffected by acute activation, chronic activation leads to an inflammatory state and reduced lifespan. According to Libert et al. [23] , the observed lifespan reduction is mediated through the continued activation of the NF-κB factor Relish.
In a study by Haine et al. [11] cellular responses were found to clear most of the infecting bacteria in the mealworm beetle, Tenebrio molitor. The induced antimicrobial compounds were found to function only secondarily to eliminate those bacteria that had survived the constitutive immune response [11] . This could suggest different costs for the two arms of the innate immunity. In studies investigating maintenance costs of immunological defense, it is in most cases not possible to differentiate the costs of antibacterial defense from those of cellular defense [42] . Using lines of D. melanogaster that differed in their antibacterial innate immune response due to differences in the functional transcription factor Relish, we have previously demonstrated a cost associated with the maintenance of the antimicrobial arm of the defense system as demonstrated by the longer starvation survival by the immunodeficient mutant flies in the absence of infection [42] . By using these lines we set out to investigate whether the higher costs associated with the maintenance of a normally functioning immune system are traded-off against investments in traits that contribute to mating success. Hence, if such a trade-off exists we would expect the immunodeficient mutant flies that have to invest less in the immunological maintenance to be more successful in the competition for mates than wild-type (wt) flies. The possible effect of the larval nutrition in shaping the response was assessed by conducting the study with flies raised under both poor and standard nutritional conditions.
Materials and methods

Flies
Flies (Drosophila melanogaster) used in the experiment were derived from lines created at the University of Turku in 2009 [42] . The lines differ in their antibacterial innate immunity due to differences in the expression of the Relish gene, and are created by crossing flies deficient in the functional Relish protein (Relish E20 mutant flies) with wt Oregon R. flies. The outcrossing was done because mutant flies may differ not only in the ability to produce AMPs in response to microbial pathogens but also in other life history traits compared to normal wt flies and, hence, normal flies from these outcrosses provide a better control for the experiment. To produce flies that are homozygous for either the Oregon R. wt allele or the Relish E20 deletion mutation, twelve Oregon R. × Relish E20 pairs were set up. Each of these pairs constituted a line that was maintained as an inbred line by full-sib mating for fifteen generations. In the first generation the amount of lines was tripled by setting up three full-sib pairs per line, subsequently the amount of lines was doubled in the second and in the third generations in the same manner ( Figure 1 ). After fifteen generations of full-sib mating, four sisters and three of their brothers were allowed to continue a line.
According to Hedengren et al. [14] , immunocompromised Relish mutants die within 17 hours when infected with approximately 2 × 10 5 of Enterobacte cloacae (a Gram-negative bacteria), whereas wt flies generally survive this treatment. To measure the strength of immunity towards the bacterium, E. cloacae flies were anesthetized with CO 2 , placed on ice, and the thoraces of individual flies pierced with a 0.1-mm pin dipped in a suspension of an overnight culture of the bacteria on LB-agar plates. Flies that were alive 24 hours after the infection were regarded as representing lines with normal wt immunity; the ones dead as representing lines with impaired immunity (for further information see Valtonen et al. [42] ).
Altogether six pairs of lines (six lines with impaired immunity and six lines with wt immunity) were included in the present experiment. Each pair of lines consists of a Relish mutant and a wt line that descend from the same ancestral breeding pair (i.e., one of the twelve pairs that were used to establish the lines; see Figure 1 ). Descendant lines of four ancestral pairs were included in the present Ecological Parasitology and Immunology 3 experiment (ancestor 1: one pair; ancestor 2: three pairs; ancestors 3: one pair; ancestors 4: one pair). In the mate choice trials males that confronted each other belonged to different lines (either mutant or wt line) but shared a common ancestor.
Rearing conditions
The flies were maintained at 22°C in a 12L:12D light regime. Larvae were reared on the following: 10 g agar, 60 g instant mashed potato powder, 11 g baker's yeast, 60 g syrup, 8.5 mL nipagin, 1 L water diet (henceforth referred to as standard food) and adults were fed baker's yeast.
To initiate the experiment, virgin flies (parental generation) from each of the 12 lines were collected. When the collected flies were five days old, breeding pairs were set up by mating flies of the same line with each other in 30 mL vials supplemented with either "standard food" or "poor food" (one pair from one of the lines in one vial). The pairs were allowed to reproduce for 48 hours. The "standard food" vials contained 10 mL standard food for the larvae. The "poor food" vials also contained 10 mL standard food but the amount of bakers's yeast was reduced to 1/10 of the standard amount. Upon eclosion to the adult stage, the next generation of male flies (experimental flies) were collected as virgins and housed in groups of 5-8 individuals in vials supplemented with baker's yeast. Simultaneously, Oregon R. virgin females were collected from the stock and held in groups of 5-8 females in vials also supplemented with baker's yeast. The mate choice assay was performed when the flies were 5 days old (post eclosion).
Competitive mating success
To assess the effect of Relish genotype on male mating success, we allowed a Relish mutant and its wt relative to compete for a wt Oregon R. female in a 30 mL vial capped with a cotton plug. Flies that were set to compete against each other had been reared under the same nutritional conditions as larvae (either on poor or on standard food). The time taken for one of the males to start copulating with the female was recorded (henceforth referred to as mating speed) and the winner was identified under a light microscope. To identify the males, they were color marked with black dots on either the right or the left wing the day before the trial. According to the results of our preliminary studies marking had no effect on female choice. Nevertheless, the marking was interchanged between the flies in an effort to mark an equal number of wt and mutant flies on a particular wing. Males that did not mate within the time period of two hours were excluded from the analyses (there were altogether 44 such cases). Thorax length, as an estimate of body size, was measured after the experiment under a light microscope using an ocular micrometer. In an effort to control for size, those pairs that had a size difference of more than 0.08 mm were subsequently excluded from the experiment. In consequence, for each line 12-19 males raised on a poor diet and 15-22 males raised on a standard diet were included in the analysis. The total number of trials was 96 in the poor food treatment and 115 in the standard food treatment.
Statistics
Binary logistic regression analysis was used to identify factors associated with mating success. In the model, food treatment and Relish genotype were presented as categorical covariates, male size as a continuous covariate, and mating success (a zero-one binary variable, i.e., 1 = winner, 0 = loser) as the dependent variable. Model fitting was initiated with a model that included the following main effects: food treatment, Relish genotype (wt vs. Relish mutant) and male size and all possible two-and three-way interaction terms between these variables. The best model was searched using backward stepwise method (Backward LR) and the performance of the model was statistically evaluated using the Hosmer-Lemeshow goodness-of-fit test. The effect of food treatment and Relish genotype on mating speed was tested using the general linear model, with male size as a covariate. Mating speed was squareroot transformed to meet the assumptions of parametric tests. The normal distribution and the equality of variances were tested with Kolmogorov-Smirnov's and Levene's tests, respectively. Kruskal-Wallis and Mann-Whitney tests were used to analyze the size data (reduced probability value P = .05/2 = 0.025 was used to control for multiple comparisons). All statistics were conducted using IBM SPSS Statistics 19 for Windows.
Results
Relish genotype and the interaction terms male size × Relish genotype and food treatment × male size × Relish genotype were included in the final model predicting mating success (Table 1(a) ). The overall percentage of cases correctly classified by the model was 56.1%. The Omnibus Tests of Model Coefficients (Chi-square = 11.6, df = 3, P = .009) and the Hosmer-Lemeshow Goodness of Fit Test (Chi-square = 2.1, df = 8, P = .978) indicated that the model was a good fit.
To further elucidate the meaning of the interaction term food treatment × male size × Relish genotype, a binary logistic regression analysis was applied again but this time separately for the two food treatments, with the following main effects: Relish genotype (wt vs. Relish mutant), male size, and the interaction term male size × Relish genotype as candidate model variables. For flies from the poor food environment, Relish genotype and the interaction term male size × Relish genotype were included in the final model predicting mating success (Table 1(b) ). The overall percentage of cases correctly classified by the model was 61.8%. The Omnibus Tests of Model Coefficients (Chi-square = 12.9, df = 2, P = .002) and the Hosmer-Lemeshow Goodness of was applied once more for the poor food treatment, this time separately for the genotypes and with male size as the candidate model variable. It appears that whereas among the wt flies smaller flies were more successful than larger flies in attracting the females (OR = 0.7; Wald = 7.5; df = 1; P = .006), among the mutant flies the effect of size on mating success was not statistically significant (OR = 1.2; Wald = 3.0; df = 1; P = .082). When the flies were raised on standard food, Relish mutants were smaller than wt flies (U = 4555.5, Z = −4.2, P < .001, n = 115 mutant flies/115 wt flies). However, no difference in size between the two genotypes was observed when the flies were raised on poor food (U = 4146.0, Z = −1.1, P = .272, n = 96 mutant flies/95 wt flies). Consequently, the results indicate that when flies are raised under poor nutritional conditions, and provided that among wt flies smaller size is associated with better mating success, the immunodeficient mutant flies are more successful in the competition for mates than wt flies (Table 1 (b) and Figure 2(a) ); when flies are raised under standard nutritional conditions, no effect of Relish genotype on mating success is found (Figure 2(b) ). When the flies were raised on poor food, Relish mutants won 55.2% and wt flies 44.7% of the trials (Figure 2(a) ); when raised on standard food, wt flies won 51.3% and Relish mutants 48.7% of the trials (Figure 2(b) ). Neither larval nutrition nor Relish genotype had a significant effect on mating speed (Table 2) .
Discussion
When the flies were raised under poor nutritional conditions, and provided that among wt flies smaller size was associated with better mating success, the immunodeficient mutant flies were more successful in the competition for mates than wt flies. When the flies were raised under standard nutritional conditions, no effect of Relish genotype on mating success was found. In D. melanogaster, larger size is usually associated with better mating success. However, it has been suggested that it may not be the larger size per se that females are preferring but the result of some form of female preference for male characters that usually correlate with male size [30, 31, 32] . Consequently, in the present study, when the flies were raised on standard food wt flies might have been expected to be more successful in the competition for mates than mutant flies due to their larger size. When resources are abundant mutant flies may, however, be able to compensate for their smaller size by investing heavily in traits associated with mating success and that is why no difference in mating success between the two genotypes was observed. When raised on poor food wt flies did not have the advantage of being larger and, furthermore, among wt flies being large was costly in terms of reduced mating success. Under such conditions, mutant flies that have to invest less in immunological maintenance and, consequently, should be able to invest more in other traits (e.g., traits associated with mating success), had a slight advantage over normal wt flies in competition for mates. The results indicate a tradeoff between immunological maintenance and male mating success that is only apparent when the flies have experienced poor nutritional conditions as larvae. No difference in mating speed between the two genotypes was found.
Because of processes like pleiotropy and linkage disequilibrium, it is difficult to show that the observed results are merely due to differential investment in immunological maintenance. Problems due to pleiotropy arise if Relish influences other fitness traits besides immune defense. According to Hedengren et al. [14] , homozygous Relish mutants are fertile and give rise to normal offspring. Consequently, the function of Relish in embryogenesis, if any, was considered redundant (for more information see Hedengren et al. [14] ). However, according to Ayyar et al. [4] Relish has, in addition to its role in innate immunity, a dual role in the regulation of neurogenesis, the development of the peripheral nervous system. In the study by Ayyar et al. [4] , female D. melanogaster homozygous for loss of function allele Relish were found to display ectopic bristles when reared at 18°C; when the flies were reared at 25°C no such phenotype was observed. Whether this phenotype occurs also in males was not investigated. If differences in the development of the peripheral nervous system between the Relish mutants and wt flies cause differences in traits involved in male courtship, the observed difference in mating success between the wt and mutant flies may incorrectly be ascribed to immunity. Clearly more studies are needed to reveal whether such pleiotropic gene actions underlie the observations made in the present study. Moreover, if there is a linkage between Relish and gene(s) that influence sexual competitiveness and if the genes at the linked loci differ between the original Relish E20 and Oregon R. strains, any detected difference between wt and mutant lines may incorrectly be ascribed to immunity. Due to the problems related to linkage disequilibrium and pleiotropy we have to conclude that the results of the present study are merely suggestive rather than conclusive. As pleiotropy and linkage disequilibrium are both inherent to most selection line studies, we do not, however, consider our study to be an exception in this concern [25, 34, 45] .
In D. melanogaster males have to perform a complex courtship and in order to be successful it has to appeal to the female by visual, chemical, tactile, and acoustic means [12, 36] . Because of the inbreeding procedure used to create the wt and mutant flies, all lines have reduced genetic variation and different alleles fixed at various loci. The created lines are hence likely to differ in a number of traits including those important in courtship. Since not all traits that females use when they discriminate between possible mate candidates are likely to be traded-off with the products encoded by the Relish gene unit, the low predictability of the binary logistic model comes as no surprise. In an attempt to minimize the differences in genetic variation between the groups of mutant and wt flies, the lines were picked among those ancestral pairs that had both Relish mutant and wt lines among them. To be more certain that the effect that we see is due to Relish and not some genes segregating in the background, descendent lines of five ancestral pairs were included to both the immunocompromised and the wt groups. The best way to control for the background would have been to backcross the mutant strain to a common background. Unfortunately, flies with the desired genetic background are not available [14, 42] . In order to more convincingly demonstrate the maintenance cost of immunity, more studies are needed to reveal the underlying mechanism, that is the traits involved in the observed tradeoff. Although it is generally recognized that immunity is costly, we still do not know much about how these costs are distributed among different compartments of the immune system. The present study is among the first attempts to estimate costs associated with the maintenance of a particular compartment of the immune system [42] .
Our study suggests a trade-off between immunity and male mating success. Support for the trade-off hypothesis has previously been provided by McKean and Nunney [25] who selected D. melanogaster for greater sexual competitiveness and showed the selected lines having reduced immune function. However, studies that have manipulated resistance instead of sexually selected traits appear to question the existence of this trade-off. Whereas Rolff and Kraaijeveld [34] who studied D. melanogaster lines selected for enhanced resistance against the parasitoid Asobara tabida found resistant males having higher mating success, Ye et al. [45] found the selection for defense against the bacterium Pseudomonas aeruginosa not to correlate with mating success in this species. The results of this and 6 Ecological Parasitology and Immunology previous studies support the notion that different forms of defense are likely to bear different costs and be linked with different fitness-related traits [18] . Moreover, selection for a single immune trait may be achieved at the expense of other arms of the immune system such that no costs on other traits are incurred [1, 44] . In addition, if the costs of sexually selected traits are higher than the costs associated with immunological maintenance, and when the more expensive trait is selected for, there may be less leeway when compared with selection for the less costly trait. Consequently, the effect of an increased immune function on sexually selected traits would be smaller than the effect of increased sexual competitiveness on immune function [44] . Results of the present study stress the importance of considering the possible effects of the early-life environment on adult life history trade-offs involving immune defense and traits associated with male mating success.
